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After summarizing the status of the Standard Model, we focus on the Hierarchy Problem and why we believe 
this strongly suggests the need for new physics at the TeV scale. We then concentrate on theories with extra 
dimensions and their possible manifestations at this scale. 
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I. INTRODUCTION 

The Standard Model (SM) is a very successful description 
of particle physics up to the weak scale. It agrees with all the 
experimental data we have our disposal today. However, it 
has several shortcomings. We do not know the origin of the 
fermion masses, which in the SM arise from the Yukawa in- 
teractions with the Higgs doublet. These are extremely varied, 
with a Yukawa coupling for the top of order one, and for the 
electron about 10 6 times smaller. This constitutes the fermion 
mass hierarchy problem. Its solution might lie at high energy 
scales so that experiments at the TeV scale might not necessar- 
ily explore it. Another question unanswered by the SM, refers 
to the so called gauge hierarchy problem: why is the weak 
scale so much smaller than the Planck scale. We believe that 
the answer to this problem is at the TeV scale and therefore 
accessible to the Large Hadron Collider (LHC). We will first 
briefly summarize the status of the SM in Section [Til In Sec- 
tion |in] we will expose the gauge hierarchy problem in more 
detail. In Section HVl we will presents a review of solutions to 
the gauge hierarchy problem involving compact extra spatial 
dimensions. 



H. THE STANDARD MODEL 

The SM gauge group, SU(2)i x U(l)y, must be sponta- 
neously broken to electromagnetism. This is achieved through 
the Higgs mechanism. The spontaneous breaking results in 
a set of 3 Nambu-Goldstone Bosons (NGB), which are not 
physical states since in the unitary gauge they are gauged 
away and appear as the longitudinal components of the W 
and the Z°. Within the SM, a complex scalar doublet, corre- 
sponding to 4 degrees of freedom, results in one of them be- 
ing left out, while the other are the NGBs. But in general, we 
can think of this as analogous to superconductivity: the Higgs 
mechanism results in a superconducting phase, where the or- 
der parameter of the phase is a scalar field, which may or may 
not be an elementary particle. As a result, the weak interac- 
tions become short range, just as electromagnetism becomes 



short range inside a superconductor, by getting an effective 
photon mass. 

The first question is: at what scale should this phase transi- 
tion occur ? In order to answer this question within the SM, 
we can look -for instance- at the scattering of massive gauge 
bosons. These amplitudes (without including the Higgs) grow 
like 



(1) 



violate unitarity unless something happens before 1 TeV. In 
the context of the SM, this means that we need to/, < 0( 1 ) TeV 
to restore unitarity. 

The SM introduces the scalar doublet which has a La- 
grangian: 

l = {p^ (zyo) - y(4>) (2) 

with the covariant derivative of the scalar doublet is given by 



(3) 



The vacuum expectation value (VEV) ( < t >:r ) = (0 v/y2) 
breaks the SM gauge group down to U (1 )em, leaving the pho- 
ton massless and giving the weak gauge bosons masses: 



M z = 



y/g 2 +g' 2 v 



(4) 



The minimization of the Higgs potential results in to/, 
y2Xv, with X the Higgs boson self-coupling. 
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FIG. 1: Contributions to WW scattering amplitude. It violates uni- 
tarity at about 1 TeV 



'Presented at the First Latin American Workshop on High Energy Phe- 
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The SM has been extremely successful when compared 
with experiment. The discovery of neutral currents in the 70's, 
and the discovery of the W and Z gauge bosons, where just the 
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prelude to the spectacularly precise tests started in the 90's at 
LEP and SLAC. A large number of electroweak observables 
are predicted with the input of only three parameters. The fun- 
damental parameters of the theory, g, g' and v, can be traded 
by quantities that are more accurately known, typically Mz, oc 
and Gf- In Figure (f2]i we see a sample of the observables and 
the agreement with the SM fit is very good. The precision of 





Measurement 


Fit 


A «had( m z) 


0.02758 + 0.00035 


0.02767 


m z [GeV] 


91. 1875 ±0.0021 


91.1874 


r z [GeV] 


2.4952 + 0.0023 


2.4959 




41 .540 ±0.037 


41 .478 




20.767 ± 0.025 


20.742 




0.01714 ±0.00095 


0.01643 


A,(P,) 


0.1465 ±0.0032 


0.1480 


R b 


0.21629 ±0.00066 


0.21579 


Rc 


0.1721 ±0.0030 


0.1723 


A 0,b 


0.0992 ±0.001 6 


0.1038 


A 0,c 
H lb 


0.0707 ± 0.0035 


0.0742 


A b 


0.923 ± 0.020 


0.935 


A c 


0.670 ± 0.027 


0.668 


A,(SLD) 


0.1513 ±0.0021 


0.1480 


sin 2 6^(Q fb ) 


0.2324 ±0.0012 


0.2314 


m w [GeV] 


80.410 ±0.032 


80.377 


r w [GeV] 


2.123 ±0.067 


2.092 


m [GeV] 


172.7 ±2.9 


173.3 
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FIG. 3: The Higgs mass constraint in the SM. 



baryon asymmetry in the universe, or of dark matter and dark 
energy ? Why is the cosmological constant so small ? So there 
is no shortage of shortcomings. However, we do not know at 
what energy scales these questions are answered. It could be 
that the physics associated with them lies at a scale unreach- 
able experimentally, at least for the moment. 



FIG. 2: Comparison of electroweak observables with the SM fit 
(Summer 2005) 

the measurements has reach the sub-percent level, and in order 
to make predictions matching this one needs to go to one loop 
calculations. This means that the measurements are sensitive 
to heavy physics running around loops. The most important 
example is the Higgs itself. Since it has not been observed, 
been sensitive to its loop effects is very interesting. The sensi- 
tivity of the electroweak observables to the Higgs mass is only 
logarithmic. Yet, the precision is enough to turn this sensitiv- 
ity into a bound on the Higgs mass. In Figure ^ we show 
the latest fit of the Higgs mass in the SM. The % 2 has a mini- 
mum at around 100 GeV, although the direct search bound is 
m/, > 1 14 GeV. The indirect limit implies that mi, < 246 GeV 
at 95% C.L. Thus, we conclude that the SM is in very good 
agreement with experiment and that the Higgs must be light. 

Then why do we want to have physics beyond the SM ? 
The SM leaves many questions unanswered, and its answers 
to others are not very satisfactory. For instance, in the SM 
fermion masses arise as a consequence of Yukawa couplings 
to the Higgs. But since there is a huge hierarchy of masses 
(e.g. m e /m t ~ 10~ 6 ), then there should be a huge hierarchy of 
Yukawa couplings. This is the fermion mass hierarchy prob- 
lem. The SM gauge group being a product group, plus the 
fact that the couplings get quite close to each other at high 
energies, suggest grand unification. What is the GUT group 
G C SU(3) C x SU(2) L x £/(l) Y ? What is the origin of the 



III. THE HIERARCHY PROBLEM 

However, the question that requires physics beyond the 
SM at the TeV, is the so called gauge hierarchy problem. 
One way to state it is simply by asking: why is the weak 
scale (~ 100 GeV) so much smaller than the Planck scale 
(~ 10 19 GeV)? The weak scale is given by the VEV of 
the Higgs, v ~ 246 GeV, the only dimensionfull parameter 
in the SM. However, it is not naturally stable under radia- 
tive corrections. If we consider the radiative corrections to 
the Higgs mass, coming from its couplings to gauge bosons, 
Yukawa couplings to fermions and its self-couplings, result in 
a quadratic sensitivity to the ultraviolet cutoff. Thus, if the 
SM were valid up to the Planck scale, then m/, and therefore 
the minimum of the Higgs, potential, v, would be driven to the 
Planck scale by the radiative corrections. To avoid this, one 
has to adjust the Higgs bare mass in the SM Lagrangian to one 
part in 10 . This is quite unnatural, and is what we call the 
gauge hierarchy problem. 

In order for physics beyond the SM to regulate the Higgs 
mass, and restore naturalness, its energy scale must be around 
the TeV. Several alternative theories are potential candidates 
to do this job. Most of them, imply that new physics will be 
discovered at the LHC. One of the most popular candidate the- 
ories is weak scale supersymmetry. The superpartners of the 
SM particles, having different statistics, contribute to the ra- 
diative corrections to the Higgs mass with the opposite sign. 
In the limit of exact supersymmetry, all corrections to ntf, can- 
cel. However, since supersymmetry must be broken, there is 
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a remnant logarithmic divergence dominated by the negative 
contribution of the top quark. Then, if the soft supersymmetry 
breaking scale is around 1 TeV, the Higgs becomes tachyonic 
and the electroweak symmetry is radiatively broken. This sce- 
nario, in its simplest incarnation, the minimal supersymmet- 
ric SM, is considerably constrained to live in a fraction of its 
parameter space. The main constraint comes from the experi- 
mental lower bound on the Higgs mass. In the MSSM, m/, is 
typically light, hardly above 120 GeV. 

Another way to avoid the naturalness problem is not to have 
a Higgs at all, as in Technicolor (TC) theories. In these, a new 
strong interaction acting on techni-fermions, makes them con- 
dense breaking the electroweak symmetry. It runs into trou- 
ble when trying to generate fermion masses through extended 
TC interactions, also felt by the SM fermions. These inter- 
actions give rise to flavor changing neutral currents (FCNC). 
Raising the ETC energy scale may avoid the FCNC experi- 
mental bounds, but it makes very hard giving masses to heav- 
ier fermions, particularly the top quark. In order to address 
this, Topcolor interactions were introduced, giving rise to 
Topcolor-assisted TC models. In addition to the fact that the 
picture, initially very appealing due to its simplicity, has got- 
ten rather complicated, there are additional bounds on TC the- 
ories coming from electroweak precision constraints (EWPC) 
which tell us that QCD-like TC theories are practically ruled 
out. 

If the Higgs boson is a composite state, and the compos- 
iteness scale is around the TeV, then the corrections to its 
mass are cutoff at the TeV scale. Models of this kind present 
several problems, particularly with EWPC. However, if the 
Higgs is a pseudo-Nambu-Godstone boson, its mass is pro- 
tected by some global symmetry. The gauge interactions ex- 
plicitly break this symmetry giving rise to a Higgs mass. Lit- 
tle Higgs theories, proposed recently, are aimed at putting the 
cutoff of these strongly interacting theories, at a scale of tens 
of TeV, whereas arranging for a collective symmetry mecha- 
nism that still protects mi, from getting large. There are many 
choices of the global symmetry. In all cases, the gauge sym- 
metry has to be extended beyond that of the SM, and new 
fermions must be introduced. Thus, these models have a very 
rich phenomenology at the LHC. 

Finally, and also recently, the possibility of solving the hi- 
erarchy problem in theories with extra spatial dimensions has 
been considered. We will concentrate on these proposals in 
the rest of this presentation. 



IV. EXTRA DIMENSIONS AND THE HIERARCHY 
PROBLEM 

Although theories with compact extra spatial dimensions 
have existed for quite some time, particularly in the context 
of string theory, it was only recently that extra dimensions 
have been invoked as a solution to the gauge hierarchy prob- 
lem. Here we present three different scenarios where this is 
achieved. 




gravitons 



FIG. 4: Gravity propagating in the extra dimensional volume in the 
LED scenario. The SM matter and gauge fields are confined to a 4D 
slice, our brane. 



A. Large Extra Dimensions 

A new solution to the hierarchy problem involving extra 
spatial dimensions was proposed in Ref. yfl. In this setup, 
there are 3 + n spatial dimensions, with n compact dimen- 
sions of a typical compactification radius R. All matter and 
gauge fields are confined to a four-dimensional slice, a brane. 
On the other hand, gravity can propagate in all 3 + n dimen- 
sions, as shown in Figure (0}. Therefore, gravity appears weak 
(i.e. Mp Mw) because it propagates in the larger volume of 
compact extra dimensions, not available to the rest of the SM 
fields. The extra volume dilutes gravity's strength. The Planck 
scale is not a fundamental parameter in the extra-dimensional 
Einstein's action, but a scale derived from a volume suppres- 
sion. The fundamental scale of gravity is M*, and it satisfies 

M 2 P = M'l +2 R n 1 (5) 

where n is the number of extra dimensions, and R is the av- 
erage compactification radius. Then, in principle, the funda- 
mental scale of gravity could be much smaller than Mp if the 
extra dimensions are big enough. For instance, if we have 
in mind solving the hierarchy problem, then we could choose 
~ 1 TeV. Then, 

fl~2-l(T 17 10^cm. (6) 

Thus, if we take n = 1, we get that R ~ 10 8 Km, which is cer- 
tainly excluded. Taking n = 2, one has R ~ 1 mm, which is a 
distance scale already constrained by Cavendish-type experi- 
ments. For n > 2, we need R < 10~ 6 mm, which is not going 
to be reached by gravity experiments any time soon. 

The fact that gravity propagates in compact extra dimen- 
sions leads to the existence of graviton excitations with a mass 
gap given by Am ~ 1 /R. Then, in this scenario, there are 
new states, with spin 2, and with rather small masses. For 
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instance, for n = 2 the Kaluza-Klein graviton mass starts at 
about 10~ 3 eV, and for n = 3 at about 100 eV. Although the 
couplings of graviton excitations to matter are gravitationally 
suppressed, these states are so copiously produced at high en- 
ergies {E ^> 1/R) that when we sum over all these final states, 
the inclusive cross sections are not suppressed by Mp, but by 



E" 



Ml 



n+2 ' 



(7) 



On the other hand, since KK graviton lifetimes are still Mp 
suppressed they would escape detection, leaving large miss- 
ing energy signals as their mark. The processes that most 
uniquely would point to this physics at hadron colliders are 
of the mono-jet type, as depicted in Figure [5] Limits from 





FIG. 5: Production of KK Gravitons. 

the Tevatron already are available (6|] and are already around 
0(1) TeV, depending on the number of dimensions. An- 
other signal of LED comes from the virtual exchange of 
KK gravitons. This induces dim-6 operators of the form 
(?Y/iY5?) (fjf/Y5f) entering, for example, in Drell-Yan produc- 
tion. Moreover, dim-8 operators (T^T^), result in // — > 
yy, ZZ, • ■ ■ . For n = 2, the bounds on from the contributions 
of these operators are in the multi-TeV region already 

Astrophysical constraints have played an important role in 
the viability of the LED scenario. The most tight bound comes 
from Supernova cooling, where graviton KK emission could 
cool the supernova too fast. For instance, for n = 2 this re- 
quires > (10- 100) TeV. 

Finally, the proposal that the fundamental scale of gravity, 
M*, might not be far above the TeV scale, raises the possi- 
bility that strong gravity effects -such as black holes- might 
be visible at colliders experiments 10], or in ultra high energy 
cosmic rays (H). 



B. Universal Extra Dimensions 

If - unlike in the LED scenario - we allow fields other than 
the graviton to propagate in the extra dimensions, then con- 
straints on 1/R are much more severe. This is because the 
couplings of all other fields are not suppressed gravitationally, 
but at most by the weak scale. Naively, we would expect then 
that bounds on 1/R climb rapidly to 0(1) TeV, and this is what 
happens |6| if some of the SM fields other than the graviton 
are in the bulk. 

However, it was shown in Ref. [4J that if all fields prop- 
agate in the extra dimensional bulk (universal extra dimen- 
sions), then bounds on 1 /R drop to considerably lower values. 



The reason is that -upon compactification- momentum conser- 
vation leads to KK-number conservation. For instance, in 5D, 
ps the fifth component of the 5D momentum is quantified and 
given by 



p 5 = n/R , 



(8) 



with n the KK number. The number «, (the fifth component of 
the momentum) must be conserved in interaction in the bulk. 
Thus, interactions involving two zero modes and one of the 
first excitations or 1 KK mode, are forbidden. On the other 
hand, one zero mode can interact with two 1st excited states. 
This is illustrated in Figure (|3}. Among other things, this im- 
plies that in UED, KK modes cannot be singly produced, but 
they must be pair produced. This raises the bounds both from 
direct searches, as well as those from electroweak precision 
constraints [4]. Furthermore, compactification must be real- 
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Forbidden OK 
FIG. 6: Orbifold Compactification. 

ized on an orbifold in order to allow for chiral fermion zero- 
modes, such as the ones we observe in the SM. In 5D, for 
example, this means an Si jZi compactification as illustrated 
in Figure|7] As a consequence of the orbifolding, KK-number 
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FIG. 7: Orbifold Compactification. 

conservation is broken, but there is a remnant left: the parity 
of the KK modes must be conserved at the vertexes. This KK- 
parity is very similar to R-parity in supersymmetric theories. 
It still means that zero-modes cannot be combined to produce 
a single KK excitation (for instance in an s-channel). In ad- 
dition, KK-parity conservation means that the lightest state of 
the first KK level cannot decay into zero-modes, making it 
stable and a candidate for dark matter. 

Direct constraints from the Tevatron in Run I as well as 
electroweak precision constraints on oblique parameters, give 



1/R> 



300 GeV for 5D 
(400-600)GeV for6D 



These rather loose bounds imply that in principle even the 
Tevatron in Run II still has a chance of seeing UED. However, 
the signals are in general subtle. The reason is that -at leading 
order- all states in the same KK level are degenerate. Radia- 
tive corrections generate mass splittings [9], but these are still 
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small enough for the energy release to be small in the pro- 
duction and subsequent decay of KK states. For instance, if a 
pair of level 1 quarks is produced, each of them might decay 
as Qil — * W^Q' L , where the typical splitting between the Qn 
and the W± might be just a few tens of Ge V, depending on the 
number of extra dimensions (as well as the values of the brane 
kinetic terms). Thus, the quarkjet tends to be soft, and this is 
repeated down the decay chain. In Ref. 01 Oil , the golden mode 
is identified as being qq — ► QiQi — > Z\Z\+ ftp — > 4£+ jEr, 
where a large fraction of the missing energy is taken away by 
the lightest KK particle (LKP), in analogy with typical MSSM 
signals. 

In fact, the similarity with the MSSM makes distinguish- 
ing it from UED a challenging proposition. The most dis- 
tinct aspect of the UED scenario is the existence of KK levels, 
so the observation of the second KK level might be what is 
needed to tell it apart from other new physics ifloll . In the 
5D case, for instance, level 2 KK states can decay via KK- 
number conserving interactions to either another lighter level 
2 state plus a zero-mode, or to two level 1 states. In both 
cases, the energy release is very small. On the other hand, lo- 
calized kinetic terms induce not only additional mass splitting, 
but also KK-number violating (but KK-parity conserving) in- 
teractions. These are volume suppressed, and therefore there 
will only be able to compete so much with the phase-space 
suppressed terms mentioned above. 

Six dimensional compactifications are also of interest. Un- 
like in the 5D case, in 6D the proton can be made naturally sta- 
ble lllll . Also in 6D the number of fermion families must be 
three. In 6D, however, there is more than one way of compact- 
ifying on an orbifold. We could have T2/Z2 or T2/Z4 compact- 
ifications. Recently, it was shown that an alternative way of 
folding the two compact extra dimensions, the chiral square, 
leads to the T2/Z4 KK theory lfl2fl . One can build gauge theo- 
ries on the chiral square lfl3ll and then derive in it the spectrum 
and couplings of a given theory [ 14], in order to study its phe- 
nomenology. 

In the 6D case, the decay channel of the second KK level 
to two level 1 states is not present. This is because the generic 
mass of the second KK level is M2 = v2/i?, which is smaller 
than 2/R, the sum of the masses of two level- 1 states. Thus, 
in the 6D scenario, level 2 KK states can only decay through 
the localized kinetic terms and into two zero-modes. Further- 
more, the signal also contains the contributions of the adjoint 
scalars, absent in 5D. These are the linear combinations of 
the 5th and 6th components of the gauge fields that are not 
eaten by the KK modes. They decay almost exclusively to top 
pairs B14I1 . These signals then may be used to distinguish the 
5D and 6D cases. Then, the 6D scenario, well-motivated in its 
own merits (e.g. proton stability ITlll ) could be distinguished 
form the more typical MSSM-like 5D case. 



C. Warped Extra Dimensions 

A new solution to the hierarchy problem making use of one 
extra dimension was proposed in Ref. [5]. Unlike the two 
previous cases, the extra dimension does not have a flat metric. 



In the Randall-Sundrum (RS) setup, the metric is that of Anti- 
de Sitter in 5D, and is given by: 

ds 2 = e- 2k \ y \ ifdx/jdxv + dy 2 , (9) 

which is a solution of Einstein's equations in 5D, as long as 
the bulk cosmological constant is adjusted to cancel the cos- 
mological constant on the fixed points. Then, the branes have 
a fiat metric, as desired. In eqn.© k ^ Mp is the AdS$ curva- 
ture and y is the coordinate of the fifth dimension. The only 
scale in the 5D Einstein-Hilbert action is Mp. However, when 
at a distance y from the origin of the extra dimension, all en- 
ergies are exponentially suppressed by a factor of exp(— ky). 
Then, if all SM fields, except gravity, were confined at a dis- 
tance L from the origin, the local cutoff would not be Mp but 

A L =M P e- kL . (10) 

This is depicted in Figure [8] The compactification is done in 
the S1/Z2 orbifold, with L — kR. If we want the local cutoff to 




> 

L 



FIG. 8: Warped Extra Dimension. The local cutoff is exponentially 
smaller than Mp. 

be the TeV scale, therefore explaining the hierarchy, we need 
to choose 

kR~O(l0), (11) 

which does not constitute a very significant fine-tuning. Then, 
in the RS scenario, an exponential hierarchy is generated 
by the non-trivial geometry of the extra dimension. This 
scenario already has important experimental consequences. 
Since gravity propagates in the bulk, there is a tower of KK 
gravitons. The zero-mode graviton has a wave-function local- 
ized towards the Planck brane and couples to matter with its 
usual coupling, suppressed by 1 /Mp. The KK gravitons, on 
the other hand, have masses starting at O(l) TeV, and couple 
to matter on the TeV brane as 1/ (TeV) 2 . Then, KK gravitons 
can be produced at accelerators with significant cross sections. 
For instance, the Drell-Yan process would receive a contribu- 
tion from s-channel KK gravitons as in qq — ► — > e + e~ . 

The RS proposal solves the hierarchy problem because the 
radiative corrections to /«/, are now cutoff at the TeV scale. 
The SM operates in our 4D slice. But the mechanism of 
EWSB is still that of the SM. Moreover, the origin of fermion 



6 



Brazilian Journal of Physics, vol. 37, 2A, June, 2007 



masses (the other hierarchy) is completely unexplained, to- 
gether with a number of other issues ranging from gauge cou- 
pling unification to dark matter. Allowing additional fields to 
propagate in the bulk opens up a great deal of model building 
opportunities. In general, unless supersymmetry is invoked, 
the Higgs must remain localized on or around the TeV brane, 
or it would receive large quadratically divergent corrections of 
order of Mp, just as in the SM. 

If gauge fields are allowed in the bulk then their KK expan- 
sion takes the form 



2nK „ =0 



(12) 



where y} n > (y) is the wave-function in the extra dimension for 
the nth KK excitation of the gauge field. In the 4D effective 
theory, there is - in general - a zero- modeA A ,(X) (0) , and a KK 
tower of states with masses 



(n-O(l)) x nke 



-knR 



(13) 



starting at 0(1) TeV. Their wave-functions are localized to- 
wards the TeV brane. The gauge symmetry in the bulk must 
be enlarged with respect to the SM in order to contain an 
SU(2)l x SU(2)r symmetry. The extra SU(2)r restores a 
gauge version of custodial symmetry in the bulk, thus avoid- 
ing severe T parameter constraints 1 16] (in the dual language 
of the CFT, there is a global symmetry associated with it, the 
custodial symmetry). 

Just like the gauge fields, if fermions are allowed to prop- 
agate in the bulk they will have a similar KK decomposition, 
given by 



l 



Zv L n R (xy m ft R (y), d4) 



where f n ' (y) are the wave-functions of the KK fermions in 
the extra dimension, and the superscripts L and R indicate the 
chirality of the KK fermion. Since fermions are not chiral in 
5D, half of their components are projected out in the orbifold 
compactification. Unlike gauge fields in the bulk, fermions are 
allowed to have a mass term since there is no chiral symmetry 
protecting it. Then the typical, bulk fermion mass term looks 
like 



cK¥(x,yy¥(x,y)} , (15) 



Sf = Id x dy 



where naturally c ~ 0(1), i.e. the bulk fermion mass is of the 
order of the AdS curvature scale k. The KK fermion wave- 
functions in this case have the form 



knR(l±2c) 

„k%R(\±2c) 



+cky 



- 1 



(16) 



Then, the localization of the KK fermion wave function in 
the extra dimension is controlled by the 0(1) parameter c 
with exponential sensitivity II 1 711 . All that is needed to explain 
the wildly varying fermion spectrum is 0(1) flavor breaking 



in the bulk, which could be naturally originated at the cut- 
off. Fermions with wave-functions towards the TeV brane 
(c < 1/2) will have a larger overlap with the Higgs VEV, and 
therefore a larger mass, of 0(v). Light fermions, on the other 
hand, will have wave-functions localized towards the Planck 
brane (c > 1 /2). For c = 1/2 the fermion wave-function is 
flat. This is shown in Figure [9] The need to generate a large 



lc>l/2 C<l/2 
\ C=l/2 / 


^ Higgs 
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FIG. 9: Fermions are localized according to the choice of the 0(1) 
parameter c, the bulk fermion mass in units of k, the AdS curvature. 

enough value for m t , forces us to localize the top quark not 
too far from the TeV brane. Even if we localize tg to this IR 
fixed point, the localization of ti -and consequently bi- can- 
not be chosen to be at the Planck brane. If bi is forced to 
have a significant overlap with the TeV brane, there will be 
non-universal couplings of both the KK gauge bosons of all 
gauge fields, and the zero-mode weak gauge bosons (W ± ,Z). 
The latter, result from the deformation of their (otherwise 
flat) wave-function due to the Higgs VEV on the TeV brane. 
Fermions with profiles close to the TeV brane can feel this ef- 
fect and couplings like Z — > bibi would be affected iflrjll . It 
would also lead to FCNCs at tree level mediated by the Z, and 
that could be observed in B decays such as b — > I + £~ 11811 . On 
the other hand, the KK excitations of all gauge bosons would 
have non-universal couplings to all fermions, and particularly 
to the top and to bi. This could lead to interesting effects in 
hadronic B decays and CP violation, especially when consid- 
ering the interactions with KK gluons IU9I1 . 

Finally, we could ask the question: could we get rid of the 
Higgs boson altogether ? After all, it looks a bit ad hoc, lo- 
calized in the TeV brane. We know that boundary conditions 
(BC) can be used to break gauge symmetries in extra dimen- 
sional theories. It was proposed in Ref. 12011 that the elec- 
troweak symmetry could be "broken" by BC in a 5D theory 
as a way to replace the Higgs field. The first question would 
be: what about the unitarity of electroweak amplitudes such as 
VK + VK~ scattering ? If the Higgs boson is not present how are 
these amplitudes unitarized ? The answer is that the KK exci- 
tations of the gauge bosons do the job Ir2lll . The actual mod- 
els that (nearly) work are similar to the one we had before on 
AdSs, but without a Higgs boson on the TeV brane 12211 . The 
BC can be thought of as obtained by the presence of brane- 
localized scalar fields that get VEVs. In the limit of these 
VEVs — > oo, one recovers the BC. Thus although the origin 
of the BC might be a set of scalar fields getting VEVs, these 
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need not be at low energies. It is in this sense that the theory 
is Higgsless. 

The other question is how do fermions get their masses ? 
With the appropriate choice of BC the bulk gauge symme- 
try breaks as SU(2) L x SU(2) R x U(l) x -> U(1) E m- But the 
BC restrict the gauge symmetry differently at different fixed 
points. This can be seen in Figure [10] The BC restrict the 
symmetry at the TeV brane to be SU(2)l + r = SU(2)y, which 



Light 
Fermions 



SU(2) L xSU(2) R 




, Higgs 

or 

Higgless 



nR 

FIG. 10: A Higgless model of EWSB and fermion masses. 

allows us to write brane localized vector mass terms such as, 
for instance 



d 4 > 



dy5(y - nR)y^g {M u q\f a + M d q\\tj +•■■}, 

(17) 

where M u and Ma are ~ 0(1) TeV, and q, y a and \\fj a left- 
handed, right-handed up and right-handed down quarks re- 
spectively. Thus, the fermion mass hierarchy is still generated 
by 0(1) flavor breaking in the bulk fermion mass parameter 
c. The difference now is that the masses are generated by the 
overlap with a vector mass term as opposed to the Higgs VEV. 
Thus from Figure [10] we see that the problem of flavor viola- 
tion coming from the need to have a heavy top quark is still 
present here lfl8tl . 

The electroweak constraints on these kinds of theories are 
quite important. For instance, the S parameter is given byS 
111 



1671- 



l KK 



N 



(18) 



where in the second equality, N refers to the size of the gauge 
group in the dual 4D CFT Thus, for large N, which in the 
AdSs side corresponds to a weakly couple KK sector, the S 
parameter tends to be larger than experimentally acceptable. 
Several possibilities have been considered in the literature to 
deal with this problem. For instance, negative S contribu- 
tions might be induced by TeV localized kinetic terms l24ll . 
however there is always a constraining combination of S and 
T (25[] ■ More recently, Ref. [26] advocates peeling light 
fermions off the Planck brane in order to reduce S. This 
amounts to shift the couplings of light fermions to the gauge 
bosons, reabsorbing in the process some, or even all, of S. 
Finally, one might take the result in eqn. ( fT~8b as an indica- 
tion that N must be small. This pushes the theory into the 



realm of a strongly coupled KK sector. This is the scenario 
entertained in Ref. IU8I1 . The result are theories where the KK 
sector is not well defined since KK states are not narrow, well 
spaced resonances. In this case, there is no gap between the 
TeV scale and the cutoff of the 5D AdSs theory where we 
could defined individual, weakly coupled states. We would 
expect one broad resonance encompassing all the KK states. 
Above the cutoff of a few TeV, stringy dynamics come into 
play. This scenario is quite reminiscent of a Walking Techni- 
color theory. This can be seen in the schematic phase diagram 
of FigureQl] where the 't Hooft coupling g 2 N/\6n 2 is plotted 
against energy. Here, A is the energy scale where the CFT 
group exhibits non-trivial IR dynamics. In the large N limit, it 
is possible to calculate S reliably in the 5D AdSs theory. This 
is not the case in the Technicolor and Walking Technicolor 
theories. However, as N is taken to be smaller, reliability may 
be lost in the 5D theory too. In any case, large or small N, 
the electroweak corrections come mostly from E ~ A, where 
all theories will give similar results. However, at higher ener- 
gies the theories may be quite different, with the dual of the 
AdSs, a conformal theory with a 't Hooft coupling above 1 
all to way to high energies. The question remains whether or 
not our knowledge of these differences can be put to use to 
improve our understanding of strongly coupled theories at the 
TeV scale. Perhaps, EWSB is a consequence of a 4D confor- 
mal theory and the study of 5D theories could help illuminate 
some of its technical aspects. 



Warped Spucc 




FIG. 11: The 't Hooft coupling vs. energy scale for various theories. 
From Ref. fujl . 



In this direction, it is interesting to see how much of QCD 
at low energies can be obtained by assuming a theory with 
the IR at the GeV scale, as opposed to TeV. So far the results 
are remarkably good [27] when it comes to general aspects 
of the theory, such as the spectrum of vector resonances and 
their couplings. But we still need to understand why does 
this work for QCD. As far as we know, QCD is not a confor- 
mal or quasi-conformal theory. Why is then well described by 
RS models in AdSs. The aim is to understand how to build 
strongly coupled theories at the TeV scale, by making use of 
weakly coupled theories in the warped background. We may 
learn something about QCD in the process. 



8 



Brazilian Journal of Physics, vol. 37, 2A, June, 2007 



V. CONCLUSIONS 

The LHC is about to start exploring the energies where we 
expect the SM to fail. Although in principle is possible to 
have a weak scale only completed with the SM light Higgs, 
this is very unnatural. More natural completions of the elec- 
troweak theory at the TeV scale require the cancellation of the 
quadratic divergences in the Higgs mass. 

Theories with extra spatial dimensions provide alternatives 
to supersymmetry and strong dynamics at the TeV scale. We 
reviewed the main three ways in which these can solve the 
gauge hierarchy problem. In the case of Large Extra Dimen- 
sions, the true fundamental scale of gravity is the TeV scale, 
whereas the Planck scale is derived from a volume suppres- 
sion. Experimental signatures at colliders are mainly the ob- 
servation of various missing Ej channels corresponding to the 
collective graviton states. 

Theories with Universal Extra Dimensions can have com- 
pactification radii still somewhat smaller than the TeV. In them 



the fundamental scale of quantum gravity might reside in the 
tens of TeV. They present a very rich, albeit model dependent, 
phenomenology. 

Finally, the Randall-Sundrum scenario, where the extra di- 
mension has a curved geometry corresponding to AdS$, may 
also give rise to a theory of flavor if matter and gauge fields 
are allowed to propagate in the bulk. Various signals, both for 
its KK spectrum, as well as for flavor violating interactions re- 
lated to the origin of the flavor hierarchy, would be observed 
at the LHC. These kinds of extra dimensional theories could 
be viewed as a way to build strongly coupled 4D theories of 
the TeV. Understanding the relation between a weakly coupled 
theory in AdS$ and a strongly coupled theory in 4D should be 
an important step towards these models. Perhaps, modeling 
QCD at low energies in the AdSs framework will provide us 
with some clues on how to go about studying a strongly cou- 
pled spectrum at the TeV, in the event this is what is observed 
at the LHC. 
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